Development of a System of Indicators for a Resource efficient Europe

D6.1 Indicators for critical
materials
Authors:
Sebastiaan Deetman, Rene Kleijn (CML)
Stefan Bringezu, Helmut Schütz (WI)
Stefan Pauliuk (NTNU)

DESIRE is a Collaborative project funded by the EU’s
Seventh Framework Program – Theme FP7-ENV-2012-one-stage
Grant agreement no: 308552
Deliverable number:
Revision number:
Date of current draft:
Due date of deliverable:
Actual submission date:
Dissemination level:

D6.1
1.0
February 2014
M 15 (December 2013)
February 2014
PU

FP7 DESIRE - Development of a System of Indicators for a Resource efficient Europe

Page 2 of 30

DESIRE is a Collaborative project funded by the EU’s Seventh Framework Program –
Theme FP7-ENV-2012-one-stage
Grant agreement no: 308552
Start date of the project: 1 September 2012, Duration: 42 Months

About DESIRE
DESIRE is a FP7 project that will develop and apply an optimal set of indicators to
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environmentally extended input output data (EE IO) and the DPSIR framework to
construct the indicator set. Only this approach will use a single data set that allows for
consistent construction of resource efficiency indicators capturing the EU, country, sector
and product group level, and the production and consumption perspective including
impacts outside the EU. The project will:
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Improve data availability, particularly by creating EE IO time series and now-casted
data
Improve calculation methods for indicators that currently still lack scientific
robustness, most notably in the field of biodiversity/ecosystem services and critical
materials. We further will develop novel reference indicators for economic success.
Explicitly address the problem of indicator proliferation and limits in available data
that have a ‘statistical stamp’. Via scientific analysis we will select the smallest set of
indicators giving mutually independent information, and show which shortcuts in
(statistical) data inventory can be made without significant loss of quality.

The project comprises further Interactive policy analysis, indicator concept development
via ‘brokerage’ activities, Management, and Conclusions and implementation including a
hand over of data and indicators to the EU’s Group of Four of EEA, Eurostat, DG ENV and
DG JRC.
Partners are:
1. The Netherlands Organisation for Applied Scientific Research (TNO), Delft,
Netherlands
2. Wuppertal Institute (WI), Wuppertal, Germany
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Executive Summary
Concerns about supply security and environmental impacts of modern material use have
caused a recent remarkable growth in studies assessing the so-called ‘criticality’ of
materials. However, criticality studies show a high variability in both methods and
outcomes, which makes the criticality-concept not very suitable to inform policy-making
at this stage. At the same time, their outcomes hint at the importance of high-value and
low-weight materials, for which comprehensive accounting tools or indicators are
currently missing.
The concept of criticality is useful in identifying focus materials but, to inform policy
action, there is a clear need for more insights in the complex supply chains of essential
materials (as also emphasised in an earlier FP7 publication in the Polinares project) and
to do so this report suggests an approach based on material flow assessment, linked with
input output tables. This would allow to derive policy relevant and enabling indicators
with geographic explicitly, thus enabling the accounting of upstream environmental
impacts from a footprint or even a consumption-based perspective.
Given the generic indicator requirement to cover different levels of economic activity, the
current level of detail in accounting tools would have to be extended to the product level
in order to monitor the development of demand for focus product groups. Especially
information on material compositions could hint to functional resource efficiency
developments that may not be visible in industry-level or country-level indicators. These
observations lead to a suggested list of example indicators, in Section 3.1, which cover
the different life cycle phases, being material extraction, production, use and disposal.
This approach is in line with a recent report on resource efficiency indicators, which calls
for indicators with a long-term focus and a mostly physical basis.
Furthermore, we suggest some focus materials for a first proof-of-concept and for further
research into a comprehensive indicator framework in Section 3.2. In doing so, this
report provides some background to two other deliverables on critical material indicators
in the DESIRE project.
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Introduction to Criticality

Increasing concern over the availability of materials that are key to economic growth has
recently led to a remarkable growth in studies assessing the so-called ‘criticality’ of
materials. Most of these studies try to capture a measure of vulnerability of a country to
limitations or disruptions in the supply of materials, as these are usually associated with
price hikes. Criticality goes beyond the concept of scarcity; criticality assessments
elaborate on the risks of materials becoming scarce, expensive or unavailable over a
certain time-horizon, by exploring effects and underlying causes. Causes for scarcity of
materials can be numerous and can be changing rapidly. We start this report with an
introduction to criticality and a review of relevant studies and methods, because we think
it answers the question “what should be measured?”. This question is key in developing
and applying an appropriate set of indicators, which is the aim of the DESIRE project.
The main task of work package 6 in the DESIRE project is to propose and calculate
indicators related to the anthropogenic use of critical materials. This report aims at
suggesting relevant indicators to be assessed as well as draft a list of focus materials for
further assessment. After a general introduction in Section 1.1 and a review of criticality
studies and methods in Section 1.2 of this chapter, Chapter 2 will discuss existing and
required indicators on critical materials. Chapter 3 will present the final selection of
indicators.

1.1

A sustainable supply of critical materials

The material ‘palette’ used to produce products like cars and consumer electronics is
increasingly complex. Materials like precious metals incorporated into computer chips, or
gallium in high-tech alloys are essential to the characteristics and functioning of the
products, but the availability of some of these materials in the future is uncertain, due to
a high level of import reliance, increased demand and limited opportunities for recycling.
This trend concerns both companies and governments, who want to avoid unexpected
rises in prices for their imported raw material resources.
Ensuring a steady and sustainable supply of non-fossil mineral resources is a problem
that goes beyond the issue of physical scarcity. Repeatedly, studies have emphasized
that current and short-term scarcity issues are not necessarily due to finite or limited
geological reserves, but dictated by (geo-)political constrains (Lee et al., 2012; Vieira,
2011) and failing markets or policy responses (PBL, 2011).
Concerns over the security of supply of essential materials should inevitably address the
future demand as well. Of particular concern is the increase of use of certain metals in
new products with rising demand: typical examples are renewable energy technologies
and electric vehicles, which could cause a dramatic rise in demand for metals like Nickel
and Molybdenum (Kleijn, 2011), but also Indium and tellurium (Dawkins, 2012). Such
demand scenarios could substantiate a prioritization of focus materials for strategic policy
responses, but they remain inherently uncertain as various demand trends may reinforce
or counteract each other. Higher demand of products with higher concentrations of
scarce materials may lead to higher prices en to increased incentive for recycling or
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substitution, which are two other important factors determining the security of supply of
critical materials.
Recycling of wastes and societal stocks (urban mines) of critical materials is a way to
avoid primary extraction, and alleviate some of the associated environmental impacts
(for a discussion on impacts of metal extraction, see UNEP, 2013). Therefore, recycling
secondary supplies of materials is generally considered more sustainable and a way to
improve dependence on imports. For some metals, like for example the Rare Earth Oxide
(REO’s), difficulties in collection and processing lead to very low recycling rates (below
1%, see Binnemans et al., 2013). Because these metals are used in tiny amounts,
usually in low concentrations or complex material composites, the recycling process is
costly, leading to a low economic incentive. Despite the currently low volumes, the high
value of scarce metals may eventually prove to be an opportunity for recycling. Figure 1
illustrates this, as it shows the ratio between the weight and the value of common and
scarce materials in some consumer products. If the value of the recovered materials does
not provide enough incentive for recycling, and primary supply cannot fulfill the
increasing demand, substitution of a material may be the only option to avoid excessive
prices. Substitution could take place on an elemental, material, product or functional
level (Erdmann & Graedel, 2011), but may come at the cost of product performance loss
or induce yet another metal to become scarce if not limited to the abundant elements
which Diederen calls ‘elements of hope’ (Diederen, 2009).

Value
Attempts to quantify the complex and interrelated concepts addressed in this section
have been made in studies on the criticality of raw materials. The following section goes
Weight (exc.
battery)
into their methods and results in order to answer the question
“what
should indicators on
critical materials measure?”.

1.2

A review of criticality studies and methods

Most studies on the criticality of raw materials try to qualitatively or quantitatively assess

Figure 1. Weight- and value composition of common and scarce materials in selected consumer
products. Data from: (Oguchi 2011).

Issues such as the possibilities for substitution and recycling, demand trends, political
constraints and import reliance are assessed in studies on ‘critical’ materials. Their
results are often a list of materials considered risky or critical, based on a subjective
threshold. However, the methods used in this valuation are not always extensively
described, and differ considerably between studies. This leads to very different results as
will be shown in section 1.2.1, below. Section 1.2.2 will focus on the reasons for this
differences, by elaborating on the methods.

1.2.1

A review of studies

To date, two available studies present a comprehensive review of criticality studies, their
methods and their outcomes. A peer-reviewed article by Erdman and Graedel (2011) and
a more recent working paper on materials availability from Speirs (2013). Table 1 shows
the results in terms of criticality classification for the studies listed in these 2 reviews.
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Table 1. Review of results from studies on critical materials (Critical, Medium-risk, Low-risk, blank:
not considered). For further elaboration of the table, see Appendix 1.
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It can be seen that the outcomes of criticality studies are not at all unanimous. This has
to do with the different pre-selection of materials, different geological scope, the different
‘thresholds’ for criticality determination, the different years of publication and the
different time-horizon chosen. But most of all, it resembles the use of completely
different methodologies and assessment criteria, which will be discussed in the following
section.

1.2.2

A review of the main methods for criticality determination

According to Speirs (2013) the majority of the criticality studies highlighted in Table 1
commonly assess the criticality of materials based on the following factors:
-

Supply factors (including geological availability, economic availability and recycling)
Geopolitical factors (policy and regulation, geopolitical risk, and supply
concentration)
Demand factors (Future demand projections, and substitutability)
Other factors (cost-reduction via technology and innovation, environmental issues,
economic importance/ impact, and media coverage)

The review of Erdman and Graedel (2011) elaborates on the distinction between two
more general dimensions of criticality, being:
-

the supply risk, and
the vulnerability to supply restrictions
Environmental performance (added only in the 2012 study by Graedel, see below)

Aggregated or endpoint risk- or criticality metrics are composite indices that combine
sub-indicators for the four main dimensions listed above. The sub-indicators in turn may
be derived considering different parameters which can be measured and weighted in
different ways. Table 2, adapted from Speirs (2013), shows which sub-indicators are
considered in the central studies listed in Table 1. the table shows clearly that criticality
studies simply don’t measure the same things.
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Media
Coverage

Economic
importance

Environmental
Issues

Cost reduction
via Technology
Innovation

Substitutability

Future demand
projections

Supply
concentration

Geopolitical
risk

Policy
Regulation

Recycling

Economic
Availability

Geological
Availability

&

Table 2. list of the factors and sub-indicators included in the criticality assessment studies
presented by Speirs (2013).
Supply factors Geo-political factors Demand Factors
Other Factors

NRC
Oakdene Hollins
Öko-institut
(UNEP)
ISI
EU
DOE (2011)
AEA Technology
SEPA
JRC
BGS
BP
Graedel (2012)
There is no standardized methodology for quantifying the different sub-indicators.
Method reach from detailed modelling exercises to informed guesses or expert judgment.
Recycling rates are an example of an indicator which can be measured in many ways. It
is important to be aware of these ambiguities, when defining a list of focus materials for
the assessment in DESIRE based on the results of criticality studies. Furthermore, we
think that the list of indicators assessed in criticality studies provides a good starting
point for a discussion on relevant indicators for critical materials within the DESIRE
project as well.
A recent suggestion for a comprehensive method for criticality determination was made
by Graedel (2012). To date, it is one of the most elaborate and most transparent
suggestions for a methodology for criticality determination, which is why we used it as an
example and as a basis for a more detailed review below.
Figure 2 shows the three criticality dimension, sixteen indicators (compare Table 2) as
well as an indication of the way they are calculated. It is only a summary of the general
approach as the actual methodology suggests a different selection of indicators for
different scope’s (corporate, national or global) and different time-horizons (short-term
or medium-term). If wanted, the three criticality scores can be aggregated to a single
criticality score, using the following normalization:

Where SR indicates the Supply Risk score, the EI indicates the environmental impact and
the VSR is the Vulnerability to Supply Risk, all on a zero to hundred scale. To some, it is
surprising to see that the determination of criticality is not only influenced by purely
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geological (reserves, concentration or companion fraction), economic (economic
importance or import reliance) or technical (substitution) factors. The social indicators
(on policy potential, development, governance & innovation) play an important role as
well, and are mostly based on readily available international indices.
Several scholars argue that the method proposed by Graedel does not cover the whole
range of issues important to material scarcity, such as the issue of ore grade decrease
(see Vieira 2012) or price-volatility (as more elaborately discussed by Rosenau-Tornow
(2009)). Others criticize the method for the lack of predictive power beyond the short
term and a bias towards high-tech minerals with small markets (Buijs, 2012). However,
the transparency of the suggested method provides insights in the required information
and the indicators relevant to the topic of critical materials. This report will propose a
selection of indicators to be assessed for a set of materials identified as being critical.
With the previous discussion in mind, the assessment to be performed may in turn be
informative to (re)determine the criticality of materials as well.
The following section will further elaborate the links between criticality studies and the
final indicator framework.
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More info (available in the SI)
Depletion time of current economic
reserves, based on future demand
statistics, lifetimes & recycling rates
= 100 when 100% of the metal is
mined as a companion metal
weight-averaging by annual
production. Existing indicators:
PPI, from the Fraser Institute
HDI, UNDP

weight-averaged WGI, World Bank

Environmental
Implications

Adjusted Herfindahl-Hirschman Index
(HHI), acc. to US Dept. of Justice.
Also used in the EU study.

human health
LCA impacts,
based on weighted
endpoint method

Ecosystem
impacts

Based on ecoinvent database, damage
categories human health & ecosystems
calculated according to the ReCiPe end
point method, with “world”
normalization & “hierarchist” weighting.

Value (apparent metal consumption *
marketprice)/ country‘s GDP;
normalized: 0.1% of GDP=100
Proxies of direct product use, based on
UN and World Bank.
Ф=end-use %
SP= 4-point scale
Supply risk of the primary substitute

IR of replacement / IR of focus metal
IR = (Import-Export)/apparent cons.;
for metal or semi-finished products
Based on UN Commodity Trade Stats.
INSEAD’s country-level global
innovation index
Figure 2. A graphical representation of the methodology for criticality assessment as proposed by
Graedel (2012). Selection of the components and indicators may change, depending in the scope.
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Towards the development of indicators
for material criticality

The previous section has shown that the application of different criticality criteria can
lead to very different outcomes in criticality studies. In fact, the outcomes are so
incoherent that it is very difficult to draw conclusions on the criticality of most materials.
Reasons for this are the short-term focus and the high variability over time, leading to
inconsistencies when comparing studies. This limits the usefulness for policy makers as
also emphasized in another EU FP7 project on natural resource policy, in the form of the
Polinares Policy Brief, where the following statements are found:
“[criticality] research emphasizes the short-term nature of criticality assessments and
their failure to provide a basis for long-term policy making. A more useful approach
requires an appreciation of the complex of mineral and metal markets and supply chains
and of the different types of risk that arise”
And
“lumping together a variety of very different factors can in fact obscure the nature of the
underlying challenges” (Polinares, 2012)
We endorse the view of the Polinares study, which is further shared and articulated by
the following statements of the science director for minerals and waste at the British
Geological Survey:
“to increase efficiency and avoid unintended environmental impacts, the flows of
individual metals need to be mapped from the ground to the end of their use.” (Andrew
Bloodworth, 2014)
The Polinares study lists a few limitations to criticality studies which particularly caught
our attention, because they may be addressed by linking information on critical material
flows to Input-Output-Tables. First of all, the exclusive focus on risks related to the
mining and export of raw materials, and disregard for the rest of the production chain is
a limitation that could be overcome by mapping material requirements for both final
products & inter industry flows.
Secondly, the fact that criticality studies tend to overstate the economic impact of a
possible supply disruption for the considered minerals is an issue that could be solved by
using an Input-Output approach as well, because it allows to identify the value of
products involved to a great level of detail. We don’t reject the concept of criticality as
currently practiced, in fact it is very useful for drafting a list of focus materials and some
criticality factors do show up in our proposed indicator list in Chapter 3. However, we
think that as an indicator of supply and environmental risk it could be communicated in a
more insightful and enabling way to policy makers.
The following sections deal with the question of how critical material indicators can
provide a basis for policy making more effectively, by starting with a summary of the
relevant findings of the in-depth study on resource efficiency indicators by the EU in
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section 2.1. Section 2.2 proposes a selection of Input-Output derived indicators for the
DESIRE project while Section 2.3 continues to discuss the need for additional normative
context in order to assess acceptable indicator levels.

2.1

Resource efficiency indicators and their policy relevance

The executive summary of the in-depth report on resource efficiency indicators by the
European Commission (2013) highlights a few conclusions relevant to the review and
selection of critical material indicators.
First of all, the report emphasizes the potential and the momentum to use typical
environmental assessment tools like Life cycle Assessment (LCA) & Material Flow Analysis
(MFA) because particularly the life-cycle approaches allow to account for impacts
associated with imports, exports as well as breaking down information to different
product groups. Which is part of a move away from the focus on impacts within the EU.
Life-cycle based indicator frameworks like the one proposed by (JRC, 2014), one could
for example include 1) decoupling indicators to monitor overall eco-efficiency, 2) basketof-products indicators to monitor the impacts of consumption and 3) waste management
indicators to address the state of the waste management chain.
MFA-based indicators do not take the environmental impacts into account as such, but
provide information about the physical flows of materials through economies and are
identified as one core module of environmental accounts. MFA-based indicators, related
to for example extractions or recycling rates, are useful to diagnose links between
activities and environmental issues. Currently however, the domestic economy-wide MFA
approach does not quantify flows outside of the region of interest and does not directly
relate to impacts of particular material categories, which is why recent research and
indicator proposals explore the link with environmentally weighted material consumption
and even input-output tables.
Another interesting remark made in the EC study is that the EU’s vision of resource
efficiency takes a long-term view, which includes thinking beyond currently used
materials and should somehow anticipate the introduction of substitutes that may reduce
heavy reliance on natural resources. This could be of interest for the selection of critical
material indicators, especially because it is emphasized that companies focus on using
the materials ‘right’ (efficiently), while they rarely focused on using the ‘right’ materials
to improve the effectiveness of resource use.
Furthermore, the report elaborates on some general criteria involved in selecting
indicators, which are summarized in the following section.

2.1.1

Criteria for indicator selection

The (EC, 2013) report refers to two studies that list criteria for resource efficiency
indicator selection, being (EC, 2011) and Giljum et al. (2006). Both highlight ‘policy
relevance’ as the top criterion for indicator selection, followed by a few additional criteria
as follows:
-

Coherence and completeness over different levels of economic activities.
Transparency of trade-offs and negative side effects such as burden shifting.
Support by official statistics or data linked to the system of national accounts.
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Easy to communicate, practical and pragmatic, to motivate actual policy changes.
Indicators should distinguish between relative and absolute decoupling.
Indicators should be geographically explicit & comprehensive.

For critical material indicators it is interesting to see that Giljum et al. (2006)
furthermore suggest to express resource use in absolute numbers.
In the process of indicator development and selection the composite indicators have the
strengths of providing a more complete picture, while a weakness is that the weighting of
individual indicators is often criticized for not being ‘objective’. This can be alleviated by
making the quantification and weighting fully transparent, as done by Graedel (2012).
The tension between usefulness and objectiveness of indicators is further emphasized by
stressing that indicator selection is not just an objective or scientific exercise, but also a
political one. Policy goals often aim to reduce impacts, while measuring focusses on
resource efficiency, and often the various linkages between resource use and impacts is
not made transparent. Finally, once a selection is made, a link to a timeline for
production of the data and calculation of the indicator should be included.

2.1.2

Suggestions from other work packages

Earlier analysis in the DESIRE project (Giljum, 2013; Eisenmenger, 2013) highlighted the
following conclusions, relevant for critical material indicators:
-

Indicators in absolute values should be supplemented by efficiency indicators
The aggregation level the indicator is addressing needs to be clarified
Consumption-based or footprint-type indicators need to be developed
Indicators for material use that take into account the natural state and the local
environmental quality should be developed
Environmental impact indicators are lacking
There is a need for a better understanding of thresholds and capacity limits (see
also Section 2.3).
Waste indicators and recycling/reuse indicators are insufficiently covered

Other findings were the need for evaluation of the robustness of indicators and the need
for nowcasting, which is the updating of time series as close as possible to the present.
However, as the information basis for individual materials is expected to be highly
variable, we don’t pursue the nowcasting of critical material indicators.

2.2

Critical material indicator selection

Summarizing the findings of the previous section, the EC report seems to call for
resource efficiency indicators with a long-term focus and a mostly physical (LCA/MFA)
basis. This is in accordance with the call for a more elaborate appreciation of the supply
chains from the Polinares project. Some straightforward criteria for indicator selection
apply such as their policy relevance and practicality in communicating challenges as well
as their ability to distinguish between absolute and relevant developments. The latter is
also emphasized in the findings of the DESIRE report by (Eisenmenger, 2013).
Two findings require some more elaboration before we can suggest indicators for critical
materials in Chapter 3, being the multi-level coherence, which will be discussed in
Section 2.2.1 and the geographical coverage of the required data, which will be discussed
in Section 2.2.2.
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Coverage of different levels of economic activity

With coverage of different levels of economic activity, we mean the possibility to express
critical material use at the global level, the regional level (EU), the member-state and
national level, the industry level, but also the company or even the product level. The
latter is of particular interest for critical materials because often, critical materials are
used in very specific products or applications, e.g., digital and communication equipment.
Monitoring development of demand for such focus products is therefore of importance,
especially in combination with their material compositions, which could hint to functional
resource efficiency improvements that may not be visible in industry-level or countrylevel indicators. A product-focus would also enable consumption-based accounting
(Wiedmann, 2009) or identify unsustainable types of use, like applications that include
material dissipation, which excludes the possibility for recycling (this concept will return
in one of the indicators proposed in Section. 3.1.2).
The importance of covering material flows at a macro level is obvious, but whether the
use of such materials actually leads to substantial environmental impacts depends on the
amount which is used and on the scale at which the affected system is considered.
Because the criteria identified in Section 2.1 demand a coherence between different
levels of economic activity, it would be a welcome possibility to compare the impacts and
flows of specific critical materials to the impacts of total material consumption (TMR) or
other MFA-type indicators. This would allow to assess the criticality concerns from the
perspective of single materials as well as total material use and allows to answer the
policy-relevant question whether the current use of critical materials is critical (needs to
change).
Rare Earth minerals, for instance, may have an interim shortage of supply and a high
impact potential per unit of mass used. At a local level, in particular at the extraction
site, there may be harsh working conditions and considerable environmental pollution
due to poor management performance (Sprecher, 2014). Other critical materials have
been associated with military and other social conflicts, such as tantalum from Congo
(HCSS, 2013). Nevertheless, on a larger regional, continental or even global scale the
environmental burden related to critical materials might be rather small compared to
much larger flows of minerals which per unit of mass are characterized by lower impact
potential.
So it is important to have a context specific information that should enable a company, a
policy maker, or a consumer to become less dependent on critical materials, but at the
same time we identify the need to monitor the economy wide consumption of critical
materials, possibly linked to the total material requirement

2.2.2

Burden shifting & geographical accounting

The systems in domestic national MFA studies do not model the impacts of imports and
exports on the rest of the world. The domestic perspective is widened when foreign
hidden - i.e. upstream - material flows are included (Bringezu et al. 2003, FischerKowalski et al. 2011) which are usually associated with a bundle of specific
environmental impacts. Assessing material criticality requires a more detailed approach,
as specific information on supply chain and environmental risks is required. With a clear
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demand for ‘footprint-type’ indicators and ‘transparency of trade-offs’ as important
requirements, the supply chain should extend beyond national borders. Environmentally
Extended Multi-regional Input Output tables like the one being developed in the CREEA
project (Wood et al., 2013) are an appropriate tool that could provide geographical
accounting of total mass flows at the level of the whole economy as well as at the level of
industrial sectors. In order to be relevant for indicators on critical materials, the material
basis of accounting thus needs to be disaggregated to individual materials and the
accounting of inter industry flows needs to be further split down to the product level,
preferably based on a system of national accounts.

2.3

Policy targets and definition of acceptable levels

The 3rd work package report of the DESIRE project highlighted that a ‘better
understanding of thresholds and capacity limits could enrich the development of indicator
sets and would assist policy makers in deriving targets for action’ (Giljum et al., 2013).
Given politically defined targets or otherwise suggested threshold values, for instance, for
air emissions and waste deposition in particular countries, it should be possible to
calculate whether a change in the material use pattern (composition and volume) in one
country would affect flows in other countries in a way that those thresholds would be
exceeded. For this purpose, the concept of safe operating space (SOS) could be applied
(Rockström et al., 2009). When orientation values for a SOS of global mineral extraction
are given, it should be possible to model which changes on the production and/or
consumption side of an economy (or groups of countries) would lead to a development
within or beyond the SOS.
The question rises whether we should account for capacity limits in the sense of SOS in
the critical material indicators to be proposed in this report. Undoubtedly, the question
whether the material use of sectors and economies is critical in a broader understanding
comprises the question whether its use - with regard to the various pressures and
impacts - is acceptable to society at different scales. Policy targets on the green house
gas emissions of a country, resulting from the processes in production and consumption,
are an example of such a societal acceptance level, which in this case is derived from a
global goal (to limit climate warming to 2oC). The example shows also that the
acceptance judgment involves even more normative valuations than the conventional
criticality assessment. In operational terms, we could connect data on the actual use of
material use to reference values which indicate thresholds of criticality or acceptance,
respectively, like presented in the conceptual system perspective in Figure 3.
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Resource Extraction; it can be land use, mineral extraction, biomass harvest
domestic Resource Extraction in country i
Resource Extraction in country/region j for import to country i (cradle-to-products)
Capacity of Acceptable Resource Extraction in country/region i-n
Capacity of Acceptable Waste disposal and Emission release in country/region i-n or
Rest of the World
Waste and Emissions

Figure 3. System perspective relevant to material stock & flow indicators.

The Figure illustrates the system of economies interconnected by trade and exchanging
material flows with the environment. It is a perspective that clearly shows why it is
necessary to look beyond the borders of the domestic environment: because supply
comes from domestic extraction and imports. Countries extract or harvest resources from
their own territory or use them via imports from other regions. Each country deposits
waste and releases emissions to the atmosphere and water bodies. Theoretically, each
country would have to make sure that the thresholds for sustainable resource use,
emissions and waste disposal are not exceeded. In practice, however, only few countries
have the capacities to monitor and control their domestic resource extraction, wastes and
emissions. Moreover, the relevance of the environmental impacts and the acceptable
level of pressures need to be assessed at different scales. For instance, acidification and
eutrophication are usually assessed on a regional scale, whereas GHG emissions are
evaluated against global references, while monitoring and control policies are enacted at
the national level. With regard to resource extraction, countries often issue mining
licenses and may monitor the land used for agriculture and forestry. Worldwide,
however, there seem to be very few cases of an overall resource planning, and especially
of approaches that combine the use of abiotic and biotic resources. Moreover, neither
regular monitoring nor methods of control currently exist for the levels of resource
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extraction associated with imports and exports. Thus the consumption of goods in a
country - or a region like the EU - may lead to resource extraction in other countries,
which altogether may exceed global or regional sustainability levels. For global use of
cropland associated with domestic consumption of products, Bringezu et al. (2012) made
a first suggestion for a quantitative target of SOS and related this to the actual EU´s land
use. It was intended to trigger the debate and support research on sustainable global
land use by nations and regions. For that purpose, they assumed that the sum of the
Capacity of Acceptable Resource Extraction (CARE) values of all countries would
theoretically add to a value of Globally Acceptable Resource Extraction (GARE), which depending on the target indicator - may be measured in terms of material resource
extraction.
The basic scheme for the assessment depends on the aspiration of sustainable
development and a range of sustainability targets may be defined, as for instance
suggested by Bringezu et. al (2012), a more sustainable level of a country´s (or
region´s) consumption with regard to minerals based products could be defined in a way
that the country would require less minerals than what is expected to be used globally on
a per capita basis under foresight conditions ("moderate sustainability level"). In
equation 1, below, this idea is adopted for the use of selected critical materials, although
the interpretation with regard to sustainability, even if addressed as "weak" would be
limited. There could still be an increase of the consumption of critical materials but the
country would not excessively contribute to that development (at least less than others).
If the country were to adopt a stronger control of its consumption this could theoretically
compensate for the growing demand in other regions and halt the expansion of
extraction of minerals below a critical threshold defined by the SOS in a certain target
year ("strong sustainability level"), as in equation 2, below.
For regions such as the EU or its Member States,

the Actual Level (AL) of Critical

Material Consumption (CMC) could be compared to the global consumption level:

ALi = CMCi

/Pop /CMC /Pop

If ALi
ALi
ALi

i

g

g

(eq. 1)

= 1 CMCi is average
> 1 CMCi is above average
< 1 CMCi is below average

In this case, countryi would achieve lower than average global risks due to its
consumption of critical materials compared to the consumption of the global population
(Popg). Critical material consumption could be defined based on a single material or as an
aggregate sum of the weights of a selection of critical materials for a given region.
This approach, however, does not consider the ‘safe operating space’ for total resource
consumption. For ‘strong sustainability’ a country must achieve a Total Resource
Consumption (TRC) level below the level of globally acceptable resource extraction
(GARE) distributed equally among the global population. In other words, Share of
acceptable capacity (SHARE) is defined as follows:
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If SHAREi = 1
SHAREi > 1
SHAREi < 1
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(eq. 2)

TRCi is equal to an acceptable use of resource extraction
TRCi is above an acceptable use of resource extraction
TRCi is below an acceptable use of resource extraction

Within the SOS concept, the GARE indicator would represent an SOS reference value of
global resource use (which could be land use, minerals extraction, or GHG emission). The
SHARE indicator translates this global reference to the consumption of products of
countries.
Theoretically, also SHARE could be defined for a single material. This, however, would
require to derive a SOS level for each indivual materials such as indium, copper,
dolomite, cereals or cotton. Because the environmental impacts of the use of such
materials depend on their combined effects (conveyed by the amount of primary mineral
extraction for mineral based products and the land use change by agricultural or forestry
based products), it seems more appropriate to determine those SOS levels for impacts or
pressures of product and resource groups.
Thus, the SHARE indicator, in contrast to the AL indicator as defined by eq. (1), would be
based on the total resource consumption, and as such would be an indicator which adds
information on criticality of material use in a wider perspective. The SHARE indicator
would require the derivation of SOS or acceptance levels at various scales, in particular
at a global level. This would go beyond the scope of this project. So within the DESIRE
project we propose to use CMC as an indicator for total critical material use. It would be
an indicator of criticality in a narrow sense, focussing on a selection of materials which
due to their properties are of specific interest.
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Selection of indicators and materials

Where the previous chapter summarized the shortcomings in criticality assessments and
elaborated on the actual requirements and criteria for policy relevant indicators on critical
materials, this chapter aims to suggest the actual indicators that can be developed using
a linked MFA-IOA framework in Section 3.1. We refrain from proposing a definite
selection as this will depend on experiences in the tests done for different materials,
which is the focus of another DESIRE report (Pauliuk et al., 2014). The focus materials
will be proposed in Section 3.2.

3.1

Indicator selection

In order to specify a list of relevant critical material indicators we first explore existing
available indicators in Section 3.1.1 Then we propose the actual indicators in Section
3.1.2 Section 3.1.3 elaborates on the excluded indicators with possible relevance to
critical materials and, finally, Section 3.1.4 elaborates on the data-requirements for the
selected indicators.

3.1.1

Existing indicators on material use

Simply said, critical materials are not very visible in currently available indicators and
indicator sets. In the indicator sets reviewed in the WP3 deliverable on policy analysis
(Giljum et al., 2013) only three out of a hundred and sixty indicators are directly relevant
for criticality assessment, these include the ‘ownership rates of appliances’; the ‘Total
recycling amounts of for glass & metals’ in the proposed list of the EEA sustainable
consumption and production (SCP) indicators; adn the ‘overall mine production of metals’
in the indicator set of the EDCNRP. Other indicators may have indirect relevance, but
most of them are monitored as aggregate material flows such as the ‘municipal waste
generation & collection indicators’, which limits the relevance for tracking specific critical
material flows.
A quick scan of Eurostat indicators (not incorporated into official indicator sets) yields a
few other relevant or related indicators as given in Table 3 below
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Table 3. Available indicators from Eurostat (2014) with possible relevance to critical material flows.

Indicator name

Eurostat
identifier

Relevance

Additional
information
required

Enterprises giving portable devices
for a mobile connection to the
Internet to their employees

tin00125

Individuals using selected mobile
devices to access the Internet

tin00083

Individuals using a mobile phone
via UMTS (3G) to access the
Internet

tin00117

Ownership rates or
sales of
communication
devices would be a
better representation
of the actual
demand.

Individuals using a laptop via
wireless connection to access the
Internet

tin00118

These
indicators give
information on
the use of
communication
devices, which
is an important
final demand
category for
many critical
materials
(driver related
indicator)

tsdpc340

The ownership
of cars, which
is an important
final use
category for
many critical
materials

Disaggregation of the
car type and size
because these
determine the actual
critical material use
in this category
(Cullbrand &
Magnusson, 2012)

Generation of household waste by
waste category

ten00110

Generation
category

ten00108

A relevant
distinction is
made between
product
groups, like
recyclables,
equipment &
chemical/medic
al waste

A more relevant
distinction and
disaggregation to
waste of electronic
equipment and
electronics (WEEE)
could be made

Information society

Transport

Motorisation rate

Wastes

of

waste

by

waste

The table shows that the information relevant to critical materials is limited and scattered
throughout a few Eurostat indicators. These don’t provide anywhere near a full picture of
any of the critical material flows, which is why we emphasize the need to develop a
comprehensive framework from which the indicators on the various relevant life-cycle
phases can be derived as will be discussed in section 3.1.3. However, the existing
Eurostat indicators could be useful as a benchmark for the framework to be developed in
Deliverable 6.2 by within this DESIRE work package.
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Suggested critical material indicators

As the existing indicators on materials don’t provide a comprehensive picture on material
flows throughout the supply chain, we are in clear need of a framework that does.
Developing such a framework should account for the criteria listed in Section 2.1.1 and
2.1.2 and should therefore cover indicators in multiple phases of the supply chain, being
the extraction, the production phase, the use phase and the waste-phase. For each of
these life-cycle phases we suggest some examples of possible indicators. We’ve tried to
limit the suggestions to indicators that could fulfil the criteria and the requirements listed
in the previous chapter. We refrain from making a further selection of critical material
indicators to be calculated in the DESIRE project, because this depends on the
experiences in developing the actual framework, which is the focus of Deliverable 6.2
(Pauliuk, 2014). Once a proof-of-concept of the link between the MFA and the IOA
framework has been established, any of the following indicators could in theory be
derived.
Extraction phase
-

Critical material footprint (by material or group of materials per country.
Supply concentration (if possible as used by Graedel et al., 2012)
Annual production compared to the economic reserves

Production phase & product demand
-

Development of the critical material composition per product (gram/product as an
efficiency indicator)
Dissipative use ratio (dissipative use over use in recoverable products)
Apparent consumption by material (economy wide)
Material demand growth index
Total value of products containing a specific material (in order to better estimate
the economic importance, one of the criticality factors)
Overall material loss (over the production phase)

Use-phase & disposal
-

Societal stock build-up
Ownership rates of different appliances (driver related indicator)
Value involved in critical material flows over total expenses (allows for a better
calculation of the economic importance too)

Wastes/recycling
-

3.1.3

Recycling vs. total waste generation ratio’s
Waste stream composition (for example for e-waste, see Duan et al. (2013))
End-Of-Life recycling rates for specific materials
ratio of primary vs. recycled material use

Excluded indicators

Some indicators are important in the debate on critical materials, but cannot be derived
from material flow accounting linked to input output tables like the indicators proposed in
the previous section. In particular, financial and social indicators are lacking in this
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approach, whereas they are generally seen as the principal causes for policy concern. We
refrain from developing such indicators throughout the DESIRE project, but emphasize
their importance in describing the context and concerns about critical material use. The
following list describes some typical indicators that are not considered:

-

3.1.4

Substitutability (as used by Graedel et al., 2012)
Price volatility
Main product vs. byproduct price developents (see Naumov & Grindberg, 2009)

What data sources do we need?

The data requirements for the calculation of the indicators proposed in Section 3.1.3 go
beyond the available data requirements for a typical MFA study or the data available from
Environmentally Extended Multi Regional Input-Output (EEMRIO) tables. There is a need
for a comprehensive picture on global extractions, which could be mostly based on
available data from the United States geological survey (USGS). Another important
expansion would comprise the product level data, comprising of a demand for actual
volumes sold and traded as well as product composition data for various critical
materials. The volumes could be derived from trade data like the UNComtrade database,
or improved versions like the BACI database. Another source could be country-wide
production statistics (like ProdCom, from Eurostat) but these are only available for a
limited number of regions, so this could be useful as a benchmark for trade-based
indicators. Some reflection on the appropriate level of detail in the use of product related
data is necessary to obtain relevant results while avoiding an overload of work in dataprocessing. For now we suggest to specify product use at the 6-digit level of the CPA
classification, which should give considerable insights of the product use beyond the level
of CREEA (NACE 1.1) industries. Only where required or appropriate should a more
detailed classification be used, this goes for both the trade-data as well as the product
composition data as discussed below.
Information on product compositions is scattered over scientific publications (e.g.
Ogucchi et al., 2011; Peiró et al., 2013) and LCA databases like Eco-invent, which makes
the structured gathering of this information one of the key challenges of the work
package. Other key components to be added on the use & waste phase are data on the
economical lifetimes of products and recycling rates for different material and product
groups. These are also found in scattered databases & sources, indicating a significant
investment in gathering and processing data to develop the full indicator framework as
proposed.
A simplified visualization of how the combined information flows may be structured is
given in Figure 4. A more elaborate description of the full framework supporting the final
indicator development is discussed by Pauliuk et al. (2014), the scheme below simply
shows how mostly trade-based data could be used as a basis for a quantified substance
flow analysis for multiple critical materials. The additional information flows (as indicated
in red) should allow for the calculation of the proposed critical material indicators.
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Figure 4. Typical SFA information flows for critical materials, flows (extraction/emission, trade,
consumption) are indicated by arrows, and sectors (mining, production, consumption and waste
treatment) are represented by boxes.

3.2

Selecting materials to be assessed

The previous section has shown that the development of a framework capable of deriving
critical material indicators requires extensive data inputs, and therefore a stepwise
approach in the indicator calculation is suggested. First a test of the viability will be
performed for Copper and Tantalum. Tantalum is considered to be a critical material
according to the Ad hoc working group on critical materials of the EU (2010), while
copper flows are typically larger so testing these two materials could give some reflection
on the data-availability for different material flows.
The other 12 focus materials from the EU (2010) study are as follows: Rare Earth Oxides
(REO), Cobalt, Indium, Gallium, Antimony, Beryllium, Germanium, Magnesium, Niobium,
Tantalum, Tungsten, Platinum group metals. These will be our main focus for indicator
development, unless an official update of the critical raw material list will be published.
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Choosing focus materials based on a study that applies the conventional criticality criteria
may mean a bias towards high-tech metals typical to criticicality studies (Buijs et al,
2012). However, this would allow for an actual demonstration of the added value and
policy relevance of the framework to be developed and described by Pauliuk et al.
(2014). Moreover, the framework could be applied to a broader set of materials if
required and may eventually yield an array of material indicators which can be used for
criticality determination.
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Conclusions
The purpose of this report has been to pave the way for developing indicators on the
criticality of materials in the DESIRE project by reviewing the current definition of
criticality and by assessing the information needs from policy makers concerned with the
issue.
The first chapter showed that studies on critical materials indicate very different
materials to be critical because of at least three reasons:
- their regional focus may be different;
- their methods may differ i.e. using different criticality factors (e.g. some studies
do not incorporate environmental impacts or expected future demand);
- their outcomes may only be applicable in different timeframes, because the
criticality factors that are used are highly variable.
Given these limitations to the concept of critical materials, existing studies may be very
useful in highlighting focus materials, but they provide limited practical information that
can be used to decrease the supply risk or the dependence on critical materials.
Chapter two highlights that in order to overcome the limitations of existing criticality
studies there is a clear need for more insight in the physical supply chains of essential
materials. Transparently tracking flows of critical materials through the economy should
highlight vulnerable sectors or products, enabling policy makers to act upon their
concerns. We suggest to pursue an approach based on such a material flow assessment,
linked with input output (IO) tables. This would allow to derive policy relevant and
enabling indicators with geographic context, thus enabling the accounting of upstream
environmental impacts from a footprint or even a consumption-based perspective. As a
previous DESIRE study emphasised the need for a better understanding of thresholds
and capacity limits, this study also explored ways of linking the actual use of critical
materials to global reference levels. Although it would eventually be desirable to assess
whether the use of critical materials would be acceptable, given the safe operating space
for global material extraction, such indicators are currently difficult to quantify, thus
remain outside the scope of the DESIRE project.
In chapter three some practical examples of relevant critical material indicators are
suggested as well as the focus materials for which to quantify them. These indicators
mostly have a physical basis and cover the different life cycle phases, being material
extraction, production, use and disposal. To derive these indicators, the current level of
detail in accounting tools would have to be extended to the product level in order to
monitor the development of demand for focus product groups. Furthermore, a method
should be developed to link IO tables with elaborate waste statistics, which are highly
relevant for quantifying recycling options. This will be done in the follow-up study in
DESIRE deliverable 6.2 (Pauliuk et al., 2014).
Deriving critical material indicators requires efforts to unravel the complex material
supply chains. Not the indicators, but the knowledge on which they are based enables us
to act upon our concerns about supply risks and environmental impacts of modern-day
material use.
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Table A1. Detailed overview of results of criticality studies
Study by:
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Crit (RE)
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Crit (RE)
Crit (RE)
Crit (RE)
Crit (RE)
2025
Germany

critical
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Med. Term (RE)
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Crit (RE)
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Critical (RE)
Critical (RE)
Critical (RE)
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Critical (RE)
Critical (RE)
Critical (RE)
Critical (RE)
Critical (RE)
Critical (RE)
Critical (RE)
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Crit (RE)
Crit (RE)
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Crit (RE)
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Crit (RE)
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Crit (RE)

Near-crit.
Near-crit.
Not crit.
Critical
Not crit.
Critical
Critical
Critical

high

High risk

4.5
7.0
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)
8.0 (RE)

High (RE)
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High (RE)
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High (RE)
High (RE)
High (RE)
High (RE)
High (RE)
High (RE)
High (RE)
High (RE)
High (RE)
High (RE)

2020;2050
UK business

Bavaria (DE)

Scotland

The table contains all the studies for which we could find a list of criticality scores for metals (Excluded: Duclos et al., 2010; Rosenau-Tornow et al., 2009)
When studies were ambiguous, we’ve identified the element as being critical. Some explanation:
[1] Added outside the regular method of the study, based on authors interpretation.
[2] Translation of the ISI results is accordingly: if by 2030 the new technology is responsible for over 100% of current production levels it is considered highly critical, a
medium value is geven for values between 10% and 100%, a low risk for criticality is given when that value is below 10%.
[3] We include the highest classification in both the short and the medium term assessment of the CMS 2011 (Erdman & Graedel include the CMS 2010 only)
[4] the BGS study was translated as follows: supply risk index >7 = high risk, between 5-7: medium risk; below 5: low risk.
[5] in the UNEP studies, materials with a short term risk get a red label and materials with a medium/long term risk get an orange label.

